Abstract Activated sludge flocs are a flocculated mass of microorganisms, extracellular polymeric substances (EPS) and adsorbed organic and inorganic material. The structure of the flocs is very heterogeneous and flocs with very different properties and morphologies may occur, depending on the conditions in the activated sludge treatment plant and wastewater composition. Present thinking suggests that cations, such as calcium, create cationic bridges with EPS excreted by the bacteria and thereby hold the various floc constituents together. However, due to the complex and heterogeneous nature of activated sludge, the mechanisms have neither been thoroughly investigated nor successfully quantified. A better understanding and description of the biological flocculation process is necessary in order to establish more efficient operational strategies. The main aim of this study was to get a comprehensive and unique insight into the floc properties of activated sludge and to assess the relative impact of chemical and physical parameters. A variety of sludges from full scale treatment plants with different settling properties were characterised. The interrelationships between floc parameters such as composition of EPS, surface properties and floc structure, and their effect on the flocculation and separation properties were assessed. The results indicate that the EPS, both in terms of quantity and quality, are very important for the floc properties of the activated sludge. However, presence of filaments may alter the physical properties of the flocs considerably. The EPS showed positive correlations to sludge volume index (SVI) if only sludges with low or moderate numbers of filaments were included. The surface properties were more affected by the composition of the EPS than by the number of filaments. The EPS showed positive correlation to negative surface charge and a negative correlation to relative hydrophobicity and flocculation ability. The negative correlation between flocculation ability and amount of EPS was surprising. The shear sensitivity, measured as degree of erosion of flocs when subjected to shear, was more affected by floc size and number of filaments than amount of EPS.
Introduction
The quality of the effluent from activated sludge treatment plants is highly dependent on the efficiency of the solid-liquid separation process. For a successful separation, the microorganisms must form flocs that settle and compact well without leaving a high concentration of suspended solids in the supernatant. Complex microbial aggregates as activated sludge flocs are poorly described in terms of the individual components and the flocculation mechanisms are not fully understood. The flocs consist of various microorganisms, extracellular polymeric substances (EPS), organic fibers, adsorbed organic molecules from the wastewater, and inorganic components. The EPS constitute the main components of the organic fraction but their exact role in the floc formation is not well understood (Urbain et al., 1993; Frølund et al., 1996) . The EPS are mainly composed of carbohydrates, humic substances and proteins, of which proteins are believed to be most important for the flocculation (Higgins and Novak, 1997) . The production of EPS is dependent on the growth phase of the bacteria and on the growth conditions; the details about these mechanisms are, however, not known. The structure of the flocs is very heterogeneous and is made up of microbial colonies embedded in a cloud of EPS (Jorand et al., 1995; Keiding and Nielsen, 1997) . There are a number of intermolecular interactions thought to contribute to the binding of the flocs. Most commonly, these are DLVO-type interactions (Zita and Hermansson, 1994) , bridging of EPS by means of divalent and trivalent cations (Eriksson et al., 1992; Nielsen and Keiding, 1998) , hydrophobic interaction (Urbain et al., 1993) and steric interactions between long-chain EPS molecules. All the generally accepted flocculation models emphasise the importance of surface properties in the floc interactions. Even though some of the parameters influencing the flocculation are known, their relative significance is still largely unknown. Few attempts have been made to compare the composition of EPS from sludge from different types of activated sludge treatment plants (Frølund et al., 1994; Urbain et al., 1993; Bura et al., 1998) .
The purpose of this study was to characterise activated sludge from several different types of treatment plants and relate the chemical composition of EPS to the floc structure and the solid-liquid separation properties, settling, flocculation ability, floc surface properties, and floc stability. The results presented are part of a larger investigation into activated sludge flocculation.
Materials and methods

Activated sludge
Activated sludge samples were taken from seven different wastewater treatment plants in Brisbane, Australia (Table 1) . The activated sludge samples were collected from the aeration tanks and the analyses were commenced within 2 hours. The samples were stored at 4°C.
Microscopy and size distribution
The sludge flocs were examined by light microscopy and images were captured on a Nikon Microphot FXA microscope via a charge-coupled device connected to a PC. The morphology of the flocs was judged by means of a classification scheme on a 5-graded scale (adapted from Eikelboom and van Buijsen, 1981) . Size distributions of the flocs were determined by a Malvern Mastersizer/E instrument which is based on light scattering. It operates on the principle of the Fraunhofer diffraction theory and gives the distribution by volume.
Extraction of EPS
In order to investigate the characteristics of the EPS, it is necessary to extract them from the flocs. The extraction was made according to the method of Frølund et al. (1996) which is based on a cation exchange resin (Dowex, Fluka) . This method gives high extraction efficiency with little or no cell lysis and polymer disruption. The extraction time was 4 hours and carried out at 4°C.
Flocculation ability, surface charge and relative hydrophobicity
To estimate the ability of the flocs to reflocculate after disruption the following method was used based on the method of Jorand et al. (1994) : 80 ml of sludge was placed in a beaker on ice and sonicated for 15 s at 50 W. This was sufficient to disrupt the flocs, but did not cause cell rupture. A 10 ml aliquot of the suspension was centrifuged at 1,200 rpm for 2 minutes and the absorbance of the supernatant was measured at 650 nm (A). The rest of the sonicated suspension was stirred on a magnetic stirrer at ambient temperature for 15 minutes after which a 10 ml aliquot was analysed in the same way as before (B). The flocculation ability of the flocs was given as: flocculation ability = (1-B/A) × 100 [%]. The experiment was made at a suspended solids concentration of approximately 4 g/l. The surface charge of the flocs was measured by colloidal titration (Morgan et al., 1990) . Polybrene (0.002 N) and polyvinyl sulphate (PVS) (0.001 N) were used as the cationic and anionic standards, respectively. The colloidal surface charge is expressed as milliequivalents per gram volatile suspended solids (VSS) of positive or negative colloidal charge. The relative hydrophobicity was measured as adherence to hydrocarbons (Chang and Lee, 1998) . 30 ml of sludge was washed and suspended in Tris buffer (0.05 mM at pH = 7.1) and subsequently sonicated (50 W for 2 minutes). This degree of sonication does not lead to cell lysis (Biggs and Lant, 2000) . The suspension was agitated uniformly for 5 minutes with 15 ml hexadecane (Sigma) in a separatory funnel. After 30 minutes, when the two phases had separated completely, the aqueous phase was transferred into another glass vessel. The relative hydrophobicity was expressed as the ratio of MLSS concentration in the aqueous phase after emulsification to the concentration of MLSS in the aqueous phase before emulsification.
Shear sensitivity
The shear sensitivity was measured as the degree of floc disruption when exposed to shear (Mikkelsen and Keiding, 1999) . The experiments were carried out at a suspended solids concentration of approximately 4 g/l. 1.5 litre of the supension was placed in a baffled reactor and stirred at 980 rpm with a single bladed paddle to create a G-value of 800 s -1 . Aliquots (10 ml) were taken every 10 minutes during the first hour and every 20 minutes during the second hour. The aliquots were centrifuged at 1,200 rpm for 2 minutes and the turbidity of the supernatant was measured as the absorbance at 650 nm by a spectrophotometer. The shear sensitivity was calculated as the increase in absorbance after 2 hours normalized by the suspended solids concentration. The experiments were carried out at 4°C to minimize the biological activity.
Chemical and physical analysis of sludge and EPS
The sludge and extracted EPS were analysed for protein, carbohydrate, humic compounds, uronic acids and DNA according to Frølund et al. (1996) . The sum of the amounts of total proteins, humic compounds, carbohydrates and DNA was considered to represent the total amount of EPS. Mixed liquor suspended solids (MLSS) and volatile suspended solids (VSS) were measured according to Standard Methods (APHA et al., 1995) . Sludge volume index (SVI) was measured in a 2 l graduated cylinder and calculated as the volume of sludge occupied by 1 g of suspended solids after 30 minutes settling. If the sludge volume exceeded 300 ml/l the sludge was diluted to give the diluted sludge volume index (DSVI). All analyses were carried out in triplicate.
Statistical analyses
The statistical analyses were carried out with the software Statistica (Statsoft, Tulsa, OK, USA). The Pearson's product momentum correlation coefficient (r p ) was used for linear estimations. Only coefficients significant at a 95% confidence interval are given.
Results and discussion
Floc morphology
Sludge samples with very different floc properties and morphologies were chosen to get a broad range of floc types (Table 2) . Not surprisingly, the sludges from the oil refinery effluent and the leachate treatment processes were very different to the sludges from the domestic treatment plants; the flocs were much rounder and contained no filaments. They also appeared to be built up by microbial colonies densely packed together whereas the sludges from the domestic WWTPs were more irregularly shaped and contained more filaments. Four light micrographs of the sludges are presented in Figure 1 .
Chemical composition of sludge and EPS
When considering the properties of the EPS, it is important to note that this is based on extracted EPS. According to Frølund et al. (1996) , up to 20 hours is necessary for a complete extraction. However, shorter extraction times should be adequate for comparison purposes. In this work, the extraction time was 4 hours. Longer extraction times may cause cell lysis which contaminate the sample with intracellular material. Approximately 10-30% of the organic fraction of the sludge was extracted as EPS. Protein was for most sludges the major EPS component (19-45%) followed by humic compounds (19-45%) and carbohydrates (7-32%) ( Table 3 ). The uronic acids made up 1-3% of the EPS or 8-26% of the carbohydrates. These values are in accordance with previous studies (Urbain et al., 1993; Frølund et al., 1994 Frølund et al., , 1996 Bura et al., 1998) . In some cases rather high concentrations of DNA (0-32%) could be detected, indicating that the EPS partly originates from degradation of cells . For most plants protein was the major fraction (27-50%) of the organic fraction of activated sludge. Humic substances and carbohydrates accounted for approximately 10-30% and 5-12%, respectively. Approximately 5-36% of the carbohydrates in activated sludge were uronic acids. It is likely that EPS in different sludges have different extractability. Besides, it is probable, as suggested by other researchers (Jorand et al., 1995; Liss et al., 1996) , that two different types of polymers exist; one that is very firmly bound to the cells and within microcolonies of cells and one that is more loosely bound in the floc matrix. The first type is probably more accessible to extraction. The low extraction efficiency indicates that a large proportion of the EPS is firmly bound. This is a crucial fact that may bias results obtained by EPS extraction. The ratios between the component protein, humic compounds and carbohydrates were very different in the activated sludge and the EPS (Table 3) . Except for the leachate and the oil refinery sludges (TP and C), the amount of protein and humic compounds were 1.5-4 times larger in the EPS than in the sludge.
Little is known about what affects the EPS production. Earlier studies indicate that solids retention time (SRT) is an important parameter (Liao et al., 2001) . For the sludges investigated in this study, the concentration of EPS was generally lower in the sludges from WWTPs operated at longer sludge ages (Figure 2 ). The leachate sludge did not fit into this pattern since it contained high concentrations of humic substances and carbohydrates even though it was operated at a long SRT.
Influence of EPS on settling properties
The results from this study show that when studying the effect of EPS on parameters such as floc size and settleability, the sludges have to be separated into two groups; filamentous and non-filamentous flocs. The presence of filaments alters the physical properties of the flocs considerably. When samples were selected with a SVI less than about 150 ml/g (i.e. sludges containing no or moderate numbers of filaments), there was a clear relationship between Table 4 ). There was a tendency that sludges from BNP (biological nitrogen and phosphorus) removal plants were denser and settled better than the ones from only C and N removal WWTPs.
Influence of EPS composition on surface properties and flocculation ability
The results show that an increasing amount of EPS could be directly related to increased values of negative surface charge of the flocs (Table 4 ). This indicates that the EPS contain many negatively charged groups that can contribute to the binding of the different floc constituents by means of cationic bridges. The increase in SVI with increasing concentrations of EPS found in the present study could be due to a stronger electrostatic repulsion between floc components as described by the DLVO theory for colloidal stability (Gregory, 1989) . Surprisingly, the flocculation ability showed a negative correlation to total amount of EPS ( Figure 3a , Table 4 ). The relative hydrophobicity was negatively correlated to the total amount of EPS (Figure 3b , Table 4 ). These results indicate that the EPS are very hydrophilic and negatively charged and have a negative effect on the flocculation ability. It is, however, possible that the extraction method used selects for such EPS molecules while other, more hydrophobic molecules that are important for the flocculation process are firmly bound to the floc. Sludge floc surfaces have a very complex structure and it is not completely known what EPS molecules contribute to the hydrophobicity and surface charge. Futher studies are therefore needed to explain the mechanisms involved.
The influence of EPS on shear sensitivity
The shear sensitivity of the flocs varied considerably between the different sludge samples but it remained surprisingly similar for sludges taken from the same treatment plant at different occasions (Table 5 ). There was a trend towards lower values of shear sensitivity for sludges containing lower concentrations of EPS (Figure 4) . Floc morphology appears to be an important parameter as well. The strongest flocs were the ones from the oil refinery wastewater treatment plant (C; highlighted in Figure 4 ) which were small and composed of Figure 3 Relationship between the total amount of EPS and (a) the flocculation ability; and (b) relative hydrophobicity tightly bound microbial colonies at the same time as they contained low concentrations of EPS. It is evident that the shear sensitivity is a reflection of both floc composition (e.g. amount of EPS) and the size and morphology of the flocs. Larger flocs with filaments tended to be more shear sensitive than smaller ones without filaments (Figure 4 ). It has been found in previous studies that floc strength is reduced as the amount of EPS in the sludge is decreased (Mikkelsen and Keiding, 2002) . Probably such relationships can be found when sludges of similar morphology are compared but otherwise other factors seem to be equally important.
Conclusions
In spite of the heterogeneous composition and structure of activated sludge flocs, some clear correlations between flocculation properties and composition were found in this study. The main conclusions from this study are:
• Flocs can have very different floc morphologies even though they have a similar chemical composition; i.e. many parameters play a significant role in the flocculation process.
• WWTPs with a certain design and operation conditions appear to produce flocs of a rather specific morphology and chemical composition.
• The amount and composition of EPS affect the relative hydrophobicity, surface charge and flocculation ability.
• The amount and composition of EPS affect the settleability of the sludge flocs.
• Activated sludge flocs containing higher concentrations of EPS are generally stronger, but floc morphology, e.g. amount of filaments and size is equally important for the floc stability. 
